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Ligand modulated charge
transfers in Z-scheme configured
Ni-MOF/g-C;N, nanocomposites
for photocatalytic remediation
of dye-polluted water

Gayatbhri Karthik, Sakar Mohan" & R. Geetha Balakrishna™

The development of photocatalysts must be meticulous, especially when they are designed to
degrade hazardous dyes that cause mutagenesis and carcinogenesis. In this meticulous approach,
Ni-based metal-organic frameworks with different ligands, including terephthalic acid (NTP),
2-aminoterephthalic acid (NATP), and their composite with g-C;N, (NTP/GCN, and NATP/GCN)

have been synthesized using hydrothermal method. Structural analysis by XRD and ATR-IR revealed
synergistic properties due to robust chemical interactions between the NATP-MOFs and GCN
systems. A flower-like morphology was observed for both NTP and NATP, while their composites
showed mixed-particulate structures mimicking the morphology of GCN. Optical analyses indicated
visible-light driven properties with modulated recombination resistance in the system. Among

the synthesized bare and composite systems, NATP/GCN exhibited the highest photocatalytic
degradation efficiency for the cationic rhodamine B dye (~93% in 120 min), while it was relatively less
efficient for the anionic Congo red dye, (~ 64% in 120 min). The insights gained from the fundamental
characterizations including Mott-Schottky, scavenger, and electrochemical impedance analysis
revealed that the amino-groups in NATP/GCN composite offered the band edge potentials suitable
for the effective generation of energetic radical species with the improved carrier delocalization,
recombination resistance, and charge transfer properties in the composite system through Z-scheme
formation. Parametric investigations by varying the concentration of catalyst, dye, and pH along with
recycle studies, demonstrated the excellent stability of the developed composites for sustainable
photocatalytic applications.

Keywords Photocatalysis, Metal-organic framework, Ligand, Synergistic effect, Wastewater treatment,
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Water contamination from various sources, especially industrial waste containing hazardous dyes and heavy
metals, has become a global environmental issue demanding urgent attention'. Conventional wastewater treat-
ment methods like reverse osmosis, coagulation, and filtration have limitations such as byproduct formation and
inadequate degradation or conversion efficiencies, making them unsuitable for long-term solutions®. Hence, there
is a pressing need for alternative, cost-effective, and sustainable wastewater treatment approaches. Photocatalysis,
a green technology that harnesses renewable solar energy, has gained significant momentum as an emerging
solution®. The conventional photocatalysis process involves photoexcitation of the target photocatalyst under
solar irradiation, leading to the generation and separation of charge carriers, which then migrate to the surface
and participate in the desired redox reactions*. An ideal photocatalyst should possess a visible light-responsive
bandgap, high photon harvesting efficiencies, efficient charge carrier mobility, low recombination rates, and
abundant active surface sites for fast reaction and adsorption. Over the past four decades, various semiconduc-
tor photocatalytic materials have been explored and extensively studied™°. While many of the materials have
proven effective as photocatalysts, they face drawbacks such as poor chemical stability, high recombination
rates, inefficient charge separation, and limited surface reactive sites, hindering their practical applications. Most
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importantly, the crucial requirement of a visible light-responsive bandgap is not met by many of these materi-
als, prompting the ongoing search for an ideal photocatalyst’~. In this direction, metal-organic frameworks
(MOFs), a class of porous polymer-based materials composed of modifiable multidentate organic ligands con-
nected to metal centers (metal-oxo clusters), have gained growing attention in the field of photocatalysis due to
their inherent large specific surface area, desirable topology, and tunable pore structure'®. However, MOF-based
photocatalysts still face challenges such as low solar energy conversion efficiency, low conductivity, and rapid
electron-hole pair recombination, impacting their performance. To overcome these limitations, compositing
MOFs with other photocatalytic semiconductors is considered a promising alternative' 2

Among various photocatalytic materials, two-dimensional graphitic carbon nitride (g-C;N,), a metal-free
visible light-active photocatalyst, is considered the most stable allotrope. A major advantage of g-C;N, (GCN)
is its straightforward synthesis method, where nitrogen-rich precursors undergo thermal condensation to form
GCNZ™. It possesses unique electronic band structures, a non-toxic elemental composition, and high thermal
and chemical stability across a wide range of pH conditions. Its notable visible light absorption property makes
it highly suitable for visible light-driven photocatalytic applications. However, limitations such as fewer surface
reactive sites, high charge recombination, and inferior charge separation hinder GCN’s effectiveness as an indi-
vidual photocatalyst'*. The formation of composites between MOFs and GCN can help overcome these limita-
tions through synergistic effects. For instance, Li et al. used g-C;N, with NH,-MIL-88B (Fe) as a heterojunction
photocatalyst for MB degradation, and the degradation rate reached almost 100% after 120 min'>. Huang et al.
prepared g-C;N,/MIL-53 (Fe) heterojunction for improving the photocatalytic efficiency of Cr (VI) reduction,
which displayed about 2.1 and 2.0 times than that of g-C;N, and MIL-53 (Fe), respectively'®. Du et al. fabri-
cated MIL-100 (Fe)/g-C;N, composites with heterostructures by ball-milling and annealing, which exhibited
photocatalytic efficiency of Cr (VI) reduction reached up to 97% within 80 min, in addition, diclofenac sodium
degradation reached ~ 100% within 50 min after adding H,0,"”. NH,-UiO-66 (Zr) is emerging as a hot-spot MOF,
composed of Zr*" as metal-oxo clusters and 2-aminoterephthalic acid (NH,-BDC) as linkers, which exhibits
excellent chemical stability and hydrothermal stability in a wider pH range, thus receiving extensive attention's.
However, the insights into the synergetic properties of Ni-based MOFs, g-C;N, and its composites are relatively
less discussed in the literature. In this context, this study reports the synthesis of Ni-based MOFs with different
organic ligands, namely terephthalic acid and 2-aminoterephthalic acid, and their integration with g-C;N, using
a facile single-step hydrothermal method. The bare MOFs, g-C;N,, and the composites with different ligands are
investigated for their photocatalytic ability to degrade rhodamine B (cationic) and Congo red (anionic) dyes as
model pollutants under natural sunlight irradiation. It can be seen that this work is particularly novel, as there
are limited reports on the photocatalytic degradation using the specific combinations of Ni-MOFs with differ-
ent ligands incorporated into g-C;N, to construct Z-scheme-based composites for photocatalytic applications.

Experiment

Materials

All the chemicals used for synthesizing the Ni-MOEFE, GCN, and their composite systems were of analytical grade
with a purity of ~99% and were used as purchased. These chemicals included nickel (II) nitrate hexahydrate
(Ni(NO;),-6H,0) (Avra Chemicals), benzene-1,4-dicarboxylic acid (H,BDC) (Avra Chemicals), 2-amino tereph-
thalic acid (CgH,NO,) (Sigma Aldrich), N, N dimethylformamide (DMFE, C;H,NO) (Avra Chemicals), melamine
(C3HgNy) (Sigma Aldrich), rhodamine B (RhB) (Sisco Research Laboratories Chemicals), and congo red (CR)
(Sisco Research Laboratories Chemicals).

Synthesis of Ni-MOFs with different ligands

In a typical synthesis process of Ni-MOFs, 0.12 mmol of nickel nitrate hexahydrate (Ni(NO;),-6H,0) was dis-
solved in 40 mL of dimethylformamide (DMF), resulting in solution A. Concurrently, an equivalent quantity
(0.12 mmol) of either terephthalic acid or 2-amino terephthalic acid ligand was dissolved in another 40 mL
of DME, forming solution B. Each solution was stirred separately for 30 min. Following this, solution B was
added drop-wise to solution A and stirred for an additional 20 min. This solution mixture was then moved into
a Teflon-lined stainless-steel autoclave and heated in a hot air oven at 180 °C for 24 h. After the hydrothermal
process, the solution was centrifuged, and the solid product was washed repeatedly with DMF and methanol
to eliminate any remaining reagents and residues. The cleaned product was dried in a vacuum oven at 80 °C
for ~ 12 h. The Ni-MOFs synthesized using terephthalic acid and 2-aminoterephthalic acid were named NTP
and NATP, respectively’.

Synthesis of g-C;N, (GCN)

The synthesis of g-C;N, (GCN) was carried out using a thermal condensation technique with melamine serv-
ing as a precursor material. In this process, 5 g of melamine was loaded in an alumina crucible with a lid and
subjected to calcination at a temperature of 550 °C for a span of 4 h. The rate of heating was kept constant at 5 °C
per min in a programmable muffle furnace. After the furnace cooled down to room temperature, the resulting
pale-yellow solid was ground into a fine powder and preserved for subsequent use and analysis®.

Synthesis of Ni-MOF/GCN composites

The Ni-MOF/GCN composites were synthesized using the solvothermal method. In a typical synthesis procedure,
an equal quantity of (0.12 mmol) nickel nitrate hexahydrate (Ni(NO;),-6H,0) and either terephthalic acid or
2-amino terephthalic acid ligand was mixed in 40 mL of DMF and stirred for 20 min. Following this, 0.5 g of the
previously synthesized GCN was dispersed into the solution, followed by 30 min of sonication. The solution was
then transferred into a Teflon-lined stainless-steel autoclave and heated in a hot air oven at 180 °C for 24 h. The
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resulting solution was centrifuged and dried at 80 °C for 12 h. The composites synthesized using terephthalic acid
and 2-amino terephthalic acid-liganded Ni-MOFs were named NTP/GCN and NATP/GCN, respectively*"*~

Characterizations

X-ray diffraction patterns were obtained using Rigaku’s Ultima-IV X-ray diffraction instrument equipped with
CuK radiation (A =1.5406 A). The XRD pattern was recorded in the 20 range 5-80° at a scan rate of 5°/min.
Diftuse reflectance spectra (DRS) were recorded using a UV-Vis absorption spectrophotometer (PerkinElmer,
Lambda 365, UV-Vis-DRS) in the range of 190-900 nm with an integrating sphere attachment and BaSO, as a
reflectance standard. The structural morphology and element distribution of the synthesized samples were stud-
ied by using field emission scanning electron microscopy (JEOL model JSM7100F), and HRTEM (Thermofisher,
model Talos F200 S) combined with energy dispersive spectroscopy (EDS). Brunauer-Emmett-Teller (BET)
analysis and the Barrett-Joyner-Halenda (BJH) method were used to analyze the N, adsorption and desorption
behavior, pore distribution, and surface area using BET BELSORP Max, Japan. A Shimadzu RF-5301PC spec-
trofluorophotometer was used to carry out the PL analysis with a 150 W xenon lamp at an excitation of 460 nm.
X-ray photoelectron spectroscopy (XPS) analysis was conducted with an ESCA + photoelectron spectrometer
from Omicron Nanotechnology, Oxford Instruments, and using mono-chromated aluminum (Al-Ka) as the
radiation source. All electrochemical measurements were performed using a CHI660D potentiostat (CH Instru-
ments, Austin, USA) in a standard three-electrode system (CHI) with modified 3 mm diameter glassy carbon
as working electrode, platinum wire as a counter electrode, and Ag/AgCl (1 M KClI) as a reference electrode.

Photocatalytic experiments

In the standard dye degradation procedure, a stock solution was prepared by dissolving 10 mg of RhB and CR
dye in 1 L of double-distilled water to prepare 10 ppm concentrated dye solutions. From this stock, 100 mL of dye
solution was transferred to a 250 mL glass beaker. Then, an optimized concentration of 20 mg of photocatalyst
was added and stirred for around 30 min in darkness to achieve a uniform dye-photocatalyst dispersion before
exposure to sunlight. Then this reaction mixture was exposed under sunlight and gently stirred during the pho-
tocatalytic reaction to maintain the dispersion of the catalyst. At 30 min intervals, a 3 mL sample was pipetted
out, and suspended particles were separated. The supernatant containing the degraded dye was collected, and its
optical density was measured using an UV-vis spectrophotometer to determine dye degradation®***. The pho-
tocatalytic properties of the best-performing NATP/GCN photocatalyst were investigated through parametric
studies involving varying concentrations of catalyst (10, 20, and 30 mg), dyes (5, 10, and 20 ppm), and different
pH conditions (5, 7, and 10).

Result and discussion

Structural analysis

The X-ray diffraction (XRD) patterns of the synthesized Ni-MOFs with different ligands such as terephthalic acid
(NTP) and 2-amino terephthalic acid (NATP), g-C;N, (GCN), and their composites (NTP/GCN and NATA/
GCN) with 26 ranges of 5-55° and 24-31°, respectively are provided in Fig. 1a, b.

The XRD patterns corresponding to NTP and NATP samples confirm the formation of Ni-MOF with the cor-
responding terephthalic acid and 2-amino terephthalic acid ligands in the frameworks. In both cases, prominent
diffraction peaks appeared at 20 values of ~ 7.3, 8.4, 17.54, 25.3, 28.04, and 31.3° can be assigned to the planes
(100), (110), (220), (210), (220), and (300), respectively*>?°. The other minor diffraction peaks can be assigned
to the short-range crystalline or disorder nature of the frameworks. Similarly, the diffraction peaks for GCN

g i g (b) —— NATPIGCN
ﬂﬁ h8 i1 —NATPIGEN| | /N TN

S8 = ——NTP/GCN
g ig/|I8§ ——ntPen| 3 )
8 by L (002)
+ (002 ; N ‘
 { " ) 2 B - GCN
(100 _ e TSR - (220) o
' | EI n ——NATP| € e19)

— ~ B85 (220) B
TE Aﬁ & %13' — NP _,/\___,,_/\\__\/J_Ti

15 20 25 30 35 40 45 50 24 25 26 27 28 29 30 31
20 (Deg.) 20 (Deg.)

Fig. 1. (a) Full range and (b) zoom-in XRD patterns of the synthesized Ni-MOFs with different ligands, GCN,
and their composites.
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appeared at 20 values of ~ 12.8 and 27.6°, corresponding to the (100) and (002) planes. This confirms the for-
mation of the g-C;N, phase of the carbon nitride system, which matches well with the JCPDS card #87-1526.

In the XRD pattern of NTP/GCN composite, the appearance of peaks corresponding to both NTP and GCN
confirms the formation of the composite. Observations such as the merging of the major peaks of NTP (220) and
GCN (002), along with changes in the peak positions and broadening relative to the corresponding bare systems
(Fig. 1b), suggest active chemical interactions between the Ni-MOF and GCN through their functional groups.
Similarly, all peaks corresponding to NATP and GCN are significantly deformed and shifted in the XRD pattern
of the NATP/GCN composite. This indicates that interactions between the NATP-MOFs and GCN are stronger
than those between NTP-MOFs with GCN, leading to robust coordination or hydrogen bonding and alterations
in the packing arrangement of atoms in the crystal lattice of MOFs?. These structural features suggest that the
NTP/GCN composite may exhibit collaborative properties, while the NATP/GCN composite exhibits synergistic
properties due to robust chemical interactions between the NATP-MOFs and GCN systems.

Further, the crystallite size of the synthesized materials was estimated using Scherrer’s formula (D =0.9\/
Bcosh, where D is crystallite size (nm), 0.9 is crystallite shape constant, A is the wavelength of X-rays used (A), B
is the full width at half maximum, and 0 is the Bragg’s diffraction angle (°)). The calculated crystallite sizes were
around 19.2, 15.9, 6.5, 29.4, and 30.5 nm for NTP, NATP, GCN, NTP/GCN, and NATP/GCN, respectively. The
observed increase in crystallite sizes of the composites compared to the bare materials indicates the presence of
lattice-level interference between MOFs and GCN in the composites, facilitating overall crystallite growth in the
system. These findings further confirm that both the MOFs and GCN are chemically connected and interacting
within the composite systems®.

Functional group analysis

The ATR-IR spectra of the synthesized NTP-MOFs, NATP-MOFs, bare-GCN, and their composites are shown in
Fig. 2. Both NTP and NATP MOFs exhibit a strong peak around 1550 cm™ corresponding to the carboxylic acid
groups in the system. The bands around 2800 and 1400 cm™ can be assigned to the C-H stretching and bending
vibrations of the ligands®’. Peaks in the 750-800 cm™ region may be attributed to C-C stretching in aromatic
rings. Low-frequency peaks indicate Ni-O-carboxylate interactions in these systems. A broad hump-like band
around 3300 cm™ is related to the O-H stretching vibrations of adsorbed water molecules in NTP MOFs, but it
appears deformed in NATP MOFs due to the presence of amnio-groups in the system®'.

In the spectrum of g-C;N,, peaks in the 500-700 cm™ range are assigned to C-N-C bending vibrations.
Peaks in the 1500-1700 cm™ range correspond to C-N and C=N stretching vibrations, while peaks in the
14401500 cm™ region indicate C=C stretching vibrations. Further, a hump-like peak in the 3000-3300 cm™!
region suggests the presence of adsorbed water molecules, with C-H and N-H groups observed in the
700-1000 cm™ region. The spectra of the composites (NTP/GCN and NATP/GCN) are found to be similar to
the spectra of GCN, reflecting the vibration-structure dominance of GCN over the MOFs. Notably, the strong
peaks corresponding to the carboxylic acid groups in MOF are also not present in the composite. This suggests
that the carboxylic groups of MOFs are strongly influenced by the C-N network of GCN, leading to a stronger
bonding between the two systems and stabilizing them into a composite. This could facilitate functional inter-
actions within the composites. Particularly, since the MOF has metal centers capable of electron transfer, their
interactions with GCN could lead to the formation of charge transfer complexes, thereby making the composite
more physiochemically active systems for dynamic reaction environments®>*.
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Fig. 2. ATR-IR spectra of the synthesized Ni-MOFs with different ligands, GCN, and their composites.
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Morphology analysis

Morphological analysis by field emission scanning electron microscopy (FESEM) exhibited 2D-flakes like struc-
ture assembled into a flower-like structure for both NTP, and NATP-MOFs as shown in Fig. 3a, b. Similarly, an
agglomerated particle-like structure was observed for GCN system, as shown in Fig. 3c. In the case of composite
systems, the integral structures, reflecting the morphology of the respective individual system is observed™.
Accordingly, a mixed particulate morphology of NTP and GCN is observed for the NTP/GCN composite
(Fig. 3d), whereas the particles-decorated on a flower-like structure is observed for the NATP/GCN composite
as shown in Fig. 3e. The EDS elemental mapping of NATP/GCN composite (Fig. 3f-i) confirmed the presence
of the respective elements in the system®. The observed irregular particle and flower-like morphology of NTP
and NATP MOFs, respectively, can be attributed to the binding habit of the respective ligands on the growing Ni
particles, forming the frameworks and the materials’ morphology. The terephthalic acid (TP) has a symmetric,
planar structure with two carboxylic acid groups (-COOH) at opposite ends of the molecule. Therefore, their
coordination with Ni ions may not favor a specific crystallographic direction for growth and binding, leading
to the formation of irregular-particles.

On the other hand, 2-aminoterephthalic acid (ATP) contains an amino group (-NH,) in addition to car-
boxylic acid groups®*. This additional functional group introduces asymmetry and additional binding sites for
coordination with metal ions, allowing for more diverse interactions and control over crystal growth. As a result,
this can alter the coordination environment around metal ions and influence direction growth of the crystals.
This can lead to the formation of well-defined facets or specific crystallographic orientations, which are condu-
cive to the development of flower-like morphologies. Moreover, the amino group in ATP can also participate
in hydrogen bonding or other supramolecular interactions that promote the self-assembly of MOF units into
hierarchical structures, such as the petals of a flower, during crystal growth?”.

Fig. 3. FESEM image of the synthesized (a) NTP-MOE, (b) NATP-MOE, (¢) GCN, (d) NTP/GCN, (e) NATP/
GCN composites, (f)-(i) EDS elemental mapping images of NATP/GCN composite, (j), (k) TEM image of
NATP/GCN composites, and (1) EDS elemental spectrum of NATP/GCN composite.
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Absorbance

These features of the resulting NTP and NATP MOFs are found to be inherited during the composite forma-
tion with GCN. Accordingly, an integrated particulate-like morphology with non-uniform shape is observed for
NTP/GCN composite®®. In contrast, the GCN particles are found to be well intercalated in between the flakes
of NATP MOF flowers, leading to the formation of particles-decorated flower-like morphology for NATP/GCN
composite. These observations suggest that the active sites of NATP facilitate the deposition of GCN particles
onto their surface, which keeps the composite more functional compared to the NTP/GCN composite. This
hierarchal anisotropic structure of NTP/GCN composite inherits and improves the properties of MOFs via
interacting with the GCN and vice versa, thereby manifesting synergistic properties in the system™.

The morphology and the EDS spectrum of the NATP/GCN composite were further examined using high-
resolution transmission electron microscopy (HRTEM), with the resulting images shown in Fig. 3j-1. The TEM
images clearly illustrate that the GCN are not merely attached to the surface but are embedded within the NATP
matrix with average size of 100 nm as shown in Fig. 3j, k. Further, it confirms the co-existence of both NATP
MOF and GCN, which can be distinctly identified by their characteristic morphological features, as illustrated
in Fig. 3k. The intercalation of GCN on the flakes of the Ni-MOF is also observed, indicating a strong interaction
between the two components, promoting a uniform and stable composite. This suggests that the NATP MOF
offers a favorable environment for the deposition and stabilization of GCN, likely due to its abundant active
sites. These active sites are crucial as they facilitate the anchoring of GCN onto the NATP surface, ensuring that
the composite maintains its functional integrity which leads to a synergistic effect’’. Further, the characteristic
presence of elements such as C, O, N, and Ni in the formed NATP/GCN composite is evidenced in the EDAX
spectrum as shown in Fig. 31.

Optical properties

The UV-visible absorption spectra of NTP and NATP MOFs exhibit a couple of absorption peaks in the UV
region around 320 and 375 nm with absorption edge in the range of 430-450 nm as shown in Fig. 4a. The
observed optical absorption in the UV and visible light region can be typically attributed to the electronic
transitions such as ligand-to-ligand and ligand-metal charge transfer, respectively in the systems. Similarly,
the absorption peak at~ 388 nm with an absorption edge around 475 nm is observed for GCN, attributed to
the electronic transitions between the HOMO-LUMO energy levels. In the case of NTP/GCN composite, the
absorption peaks at 327 and 374 nm are observed, where the intensity of the latter peak is improved. This can
be attributed to the effective optical interaction of NTP MOFs with GCN in the composite. On the other hand,
the spectrum of NATP/GCN composite is found to exhibit an improved absorption peak at 376 nm, reflecting
the dominant properties of GCN in the composite, which is crucial for the improved light harvesting for pho-
tocatalytic reactions.

The bandgap energy of NTP, NATP, GCN, NTP/GCN, and NATP/GCN was estimated from the Tauc’s plots
as shown in Fig. 4b and a corresponding value of 2.93, 2.74, 2.77, 2.76, and 2.70 eV was obtained. The estimated
band gap energy values are in accordance with their absorption spectra, indicating the UV-visible light driven
band gap energy of the materials. Upon integrating the NTP and NATP MOFs with GCN, the band gap energy
of both the composites is decreased to around 2.76 and 2.70 eV, respectively, indicating that the energy levels
of both the systems are involved in the making of HOMO-LUMO energy levels of the composites. This clearly
indicates that the electronic transitions and the subsequent improved optical features are facilitated in the com-
posites since both MOFs and GCN are integrated through chemical interactions, leading to the synergistic
properties in the systems*!.

The photoluminescence (PL) spectra obtained under an excitation wavelength of 320 nm exhibited a peak
around 430 nm for both NTP and NATP MOFs as shown in Fig. 5. The observed enhanced PL intensity for
NTP MOFs indicates that this system has an effective excitation and carrier recombination pathways during
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Fig. 4. (a) UV-Visible absorption spectra, and (b) Tauc’s plot for bandgap estimation of Ni-MOF with different
ligands, GCN, and their composites.
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Fig. 5. Photoluminescence spectra of the synthesized Ni-MOFs with different ligands, GCN, and their
composites.

photoexcitation process. Conversely, the PL intensity is found to be decreased for NATP MOFs, attributed to
the presence of amino groups interacting in the bandgap structure and leading to increase the recombination
resistance in the system.

A significant decrement in the PL intensity is observed for GCN, which suggests that this system intrinsically
possesses a band gap structure conducive for the carrier excitation and resistive towards charge recombination*?.
Accordingly, upon integration of GCN, the PL intensity of NTP/GCN composite is further decreased consid-
erably compared to bare NTP, whereas, it is drastically decreased for NATP/GCN composite. Also, the peak
positions are found to be red-shifted, indicating their short carrier pathways. These observations suggest that
the charge recombination process in these composites is greatly decreased, which can in turn make the charge
carriers available more on the surface for the effective chemical reactions*?

Surface properties

The surface sorption characteristics of the NTP/GCN and NATP/GCN composite were investigated by record-
ing the BET-N, gas adsorption-desorption hysteresis curves as shown in Fig. 6a. Both the systems exhibit the
typical type III isotherms, which indicates the microporous or mesoporous properties of the materials. Accord-
ing to this type, both adsorption and desorption is gradual in the material, while a steep-increase is observed
at higher pressures. This indicates that the adsorbates stay in the material surface upon high pressures or such
similar environments. These characteristics are highly important for a photocatalyst to facilitate the pollutant
removal through degradation rather than merely adsorbing them. This eventually improves the reusability and
regeneration of the photocatalysts for sustainable process**.
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Fig. 6. (a) Nitrogen adsorption-desorption isotherms and (b) Zeta potential graphs of the synthesized
Ni-MOFs with different ligands and their composite with GCN.
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From the BET curves, a surface area of ~ 148.4 and 423.2 m? g”! was estimated for NTP/GCN and NATP/
GCN composite, respectively. The observed higher surface area of NATP/GCN composite can be attributed to
the amino groups in the MOFs, which can facilitate the creation of more binding sites and increase the overall
porosity of the composite material. This can be validated from the observed increased pore size of (~2.7 nm)
compared to NTP/GCN composite (~ 1.8 nm). Also, the ATP ligands in the composite can lead to stronger
interactions with GCN leading to have more open accessible porous structure in the composites and contribut-
ing to the enhanced surface area®.

The surface zeta potential all the systems is found to be negative, originated due to the carboxylate groups
(-COO") of both NTP and NATP MOFE, thereby in the composites as shown in Fig. 6b. The obtained higher nega-
tive zeta potential of NATP MOF (- 11.4 mV) compare to NTP MOF (- 8.4 mV) can be attributed to its amino
(—NH,) groups, which contributes to a greater overall negative charge on the surface of the NATP MOF, lead-
ing to a more negative zeta potential. Similarly, the GCN contains functional groups such as amine (-NH,) and
amide (-CONH") groups on its surface leading to the negative zeta potential of the material. On the other hand,
upon the composite formation, the negative charge of the composites is considerably decreased to around - 3.8
and-7.1 mV for NTP/GCN and NATP/GCN composite, respectively. This can be attributed to the electrostatic
interaction between the materials, leading to shielding effect where the repulsion between the negatively charged
surfaces can be partially neutralized by the attractive forces between them, resulting in a decrease in the overall
repulsive forces and thus a decrease in the zeta potential. It may also be possible that the negatively charged
g-C;N, particles interacting with some of the positively charged species in the Ni-MOFs, leading to decrease
in the overall zeta potential of the composites. Moreover, the strong bonds or complex formation between the
materials can also alter the distribution of charges or reduce the availability of charged sites, it can lead to a
decrease in the overall negative charge of the composite*.

XPS analysis

The presence and oxidation states of elements in the NATP/GCN composite were analyzed using X-ray pho-
toelectron spectroscopy (XPS). The narrow scan spectra for Ni, O, C, and N are displayed in Fig. 7a-d. The Ni
2p spectrum (Fig. 7a) shows peaks at 856.8 eV and 873.2 eV, corresponding to the Ni 2p;/, and Ni 2p,;, orbital
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Fig. 7. High-resolution XPS spectra of (a) Ni2p, (b) O 1s, (c) N 1sand (d) C1sin NATP/GCN composite.
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binding energies, which represents the + 2 oxidation state of Ni ions in the composite system*”. The deconvoluted
peaks around 860.4 eV and 874.6 eV associated with broad satellite peaks of Ni 2ps/, and Ni 2p,,, respectively.
The O 1 s spectrum is found to be asymmetric (Fig. 7b), with a major peak at 531.7 eV corresponding to the
lattice oxygen (Oy) in the system, indicated its O*~ oxidation state'®, while the deconvoluted peaks at 531.5 and
532.5 eV could be assigned to the existence of non-lattice oxygens such as oxygen vacancy (Oy) and adsorbed
oxygen (O,q,), respectively, in the composite system®. The N 1 s spectrum (Fig. 7d) is also asymmetric, with
a major peak at 398.9 eV attributed to the triazine cyclic unit (C=N-C) in the g-C;N, system. A secondary
deconvoluted peak at 400.4 and 399.8 eV corresponds to tertiary nitrogen atoms in the C-N-C-C network of
the polymeric g-C;N,*. The C 1 s spectrum (Fig. 7c) shows peaks at 284.7 eV and 288.3 eV, indicating sp? C-C
bonds and sp-carbon bonds in nitrogen-containing aromatic networks (N=C-N) within the g-C;N, system®.
These results confirm that the elements in the synthesized NATP/GCN composite exist in their stable oxidation
states, ensuring the formation of an active metal-organic framework/g-C;N, composite.

Photocatalytic studies
The photocatalytic efficiencies of the developed bare and composite materials towards degradation of rhodamine
B (RhB) and Congo red (CR) dyes are investigated under sunlight irradiation and the obtained C/C, plots are
provided in Fig. 8a, b. At the end of 120 min, the NTP, NATP, GCN, NTP/GCN, and NATP/GCN degraded
the around 43/48, 79/60, 60/43, 67/57, and 93/64% of RhB/CR dyes, respectively. No degradation of dyes was
observed in the absence photocatalysts, indicating that the degradation via photolysis of dyes is hardly possible.
On the other hand, under dark condition, all the bare and composites generally show a minimal adsorption
towards RhB and CR dye. However, the NTP/GCN and NATP/GCN composites show some considerable adsorp-
tion up to 20-35% towards CR dye.

As known, the Congo red is an anionic dye with sulfonate groups that carry negative charges in aqueous
solutions®. Similarly, the composites carry a negative surface due to their functional groups. Upon contact,
the negative charges of both the systems get homogenized, thereby the composites adsorb the dye molecules.
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Fig. 8. C/C, plots of (a) RhB, (b) CR dye degradation, in the presence of Ni-MOFs with different ligands
and their composite with GCN, (c), (d) Plots of —In (C/C,) versus irradiation time of the various synthesized
materials in the degradation of RhB and CR dyes.
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However, this observation also suggests that apart from the typical electrostatic interaction, the functional groups
in the systems (especially in the composites) capable of forming hydrogen bonds or n-m interactions with the
dye molecules, which can contribute to the adsorption of dye molecules irrespective of their positive or nega-
tive charges®'. These observed enhanced photocatalytic efficiencies of the composites can be attributed to their
greater abilities to produce photogenerated charge carriers and inter-transfers leading to their migration to the
surface to produce active radicals and degrade the dyes.

The kinetics of the reaction during the degradation of RhB and CR dyes by various developed photocatalyst
were evaluated by plotting —In(C/C,) as a function of time, as shown in Fig. 8¢, d. The observed linear plots indi-
cated that all systems follow first-order reaction kinetics. Accordingly, the rate constants (k) for the photocatalytic
reactions over MOFs, and its composite were calculated. For RhB dye, the rate constants were determined to
be around 0.24, 0.59, 0.34, 0.44, and 1.07 h™! for NTP, NATP, GCN, NTP/GCN, and NATP/GCN composites,
respectively (Fig. 8c). The enhanced efficiency of the NATP/GCN composite is reflected in its higher rate constant.
For the CR dye, the rate constants were found to be around 0.23, 0.34, 0.24, 0.33, and 0.374 h™! for NTP, NATP,
GCN, NTP/GCN, and NATP/GCN composites, respectively (Fig. 8d). The NATP/GCN composite exhibits the
highest rate constants for both RhB (1.07 h™') and CR (0.374 h™!) dyes. In contrast, bare NTP and GCN show
relatively lower rate constants for both dyes, which can be attributed to their limited light absorption and less
effective charge separation compared to the composite materials. The NTP/GCN composite shows an improve-
ment over the individual components, with rate constants of 0.44 h™' for RhB and 0.33 h™! for CR degradation.
This improvement indicates a synergistic interaction between NTP and GCN, although it is less pronounced
compared to the NATP/GCN composite. In order to gain further insights into the underlying mechanism of the
observed photocatalytic properties of the systems, the Mott-Schottky and scavenger analyses were performed as
discussed in the section “Mott-Schottky and electrochemical impedance analysis”. Also, a table comparing the
photocatalytic efficiency of the present material with other MOF/GCN-based composite photocatalysts reported
in the literature is provided in Table 1 16:52-60,

Mott-Schottky and electrochemical impedance analysis

The valence band (VB) and conduction band (CB) potentials of the developed photocatalysts were estimated with
the help of Mott-Schottky (MS) analysis. From the obtained MS plots as shown in Fig. 9a, a flat-band potential
values of —0.66,—0.72,—0.81,—0.54, and — 0.84 V were estimated for NTP, NATP, GCN, NTP/GCN, and NATP/
GCN, respectively. These negative values indicate the n-type conductivity of these systems, and thereby, their CB
potential positions 0.2 V lower the flat-band potential. Accordingly, a CB value of —0.46,-0.52,-0.61,—0.34,
and - 0.64 V was calculated for the respective system. From the calculated band gap energy and CB values, a cor-
responding VB potential value of 2.47, 2.22, 2.16, 2.42, and 2.06 V was calculated using the formula Ey=E, + Ecp.
Based on these values, the band structure of the synthesized materials is depicted in Fig. 9b. From the results, in
general, the band structure of NTP and NTP/GCN composite is found to be more suitable for dye degradation
with respect to the redox potential for the production of superoxide and hydroxyl radicals. In contrast, the other
systems show enhanced reduction potentials suitable for the production of superoxide radicals, but unsuitable
for the production of hydroxyl radicals. However, the photocatalytic efficiency depends on several parameters
including having a suitable band gap energy, improved charge carrier separation, and rapid carrier transfer to
the surface to involve in the redox reactions®'.

To further probe into the generation of radical species, the scavenger experiments, by employing TEA, IPA,
and p-BQ as a scavenger for h*, OH: and O, radicals respectively, were performed during the photocatalytic
degradation of RhB dye by NATP/GCN composite. From the results obtained (Fig. 9¢), the photocatalyst showed
a maximum degradation of dye when no scavenger was present and it was slightly decreased when TEA was
added, indicated the degradation of dye via direct hole-oxidation reaction. Upon introducing p-BQ and IPA, the

Conc. of photocatalyst Degradation (%)/Time
Photocatalyst Organic dye Light source (mg/mL) Dye Conc. (ppm) (min) References
Ce-MOF/g-C;N, MB Visible light (Xe) 10/100 10 96.5/120 52
a-Fe,0,/g-C;N, RhB/CV Sunlight 10/50 10 93/95/150 53
Fe-MOF/g-C;N, MB UV-Visible light 20/100 20 71.2/120 54
Ni-MOF@ BiOBr com- | 1 Visible light 10/100 20 92.8/120 5
posite
Ni-MOF cv Sunlight 20/100 20 93/30 5
Ni-MOF/g-C;N, Ccv Visible light (Xe) 20/100 20 90/120 57
NH,/MIL-88B(Fe) CR Visible light (Xe) 10/50 20 67/120 58
Fe-MOF/g-C;N, CR Visible light (Xe) 40/100 25 87.1/120 5
g-C;N,/M-Fe-BTC Reactive red 195 Sunlight 20/100 20 65/60 16
CdS/g-C;N,/Ti-MOF RhB Visible light (Xe) 10/50 10 90.2/90 60
I}:I;'Sli\iow g-CaN, com- RhB/CR Sunlight 20/100 10 93/64/120 This work

Table 1. Comparison of photocatalytic dye degradation efficiency of different MOF/GCN composite reported
in the literature and present study.
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Fig. 9. (a) Mott-Schottky plots, (b) band edge positions, (c) scavenger studies, and (d) electrochemical
impedance spectra of the various synthesized materials.

degradation efficiency was drastically decreased, indicating that the dye degradation process was largely driven
by the superoxide radicals followed by hydroxyl radicals®.

As one of the determining factors to manifest efficient photocatalytic reactions, the interfacial charge transfer
efficiencies of the developed systems were analyzed by recording the electrochemical impedance spectra (EIS)
of the samples, and the obtained Nyquist plots are given in Fig. 9d. From the obtained equivalent circuit (shown
in the inset of Fig. 9d), the charge transfer resistance (R, values of 426.8, 438.2, 551.3, 874.7, and 493.6 Q2 were
estimated for NTP, NATP, GCN, NTP/GCN, and NATP/GCN, respectively. The observed increased R value
for GCN can be attributed to its intrinsic electronic band structure, while the decreased R, values for NTP
and NATP MOFs could be attributed to their electron-rich aromatic functional groups, efficiently promoting
the electrons at the interface. Among the composites, the observed decreased resistance in NATP/GCN can be
attributed to the presence of amino groups providing more electron-donating sites and increasing the overall
electron density in the composite compared to NTP/GCN. As a result, these amino groups facilitate effective
charge transfer processes and reduce charge transfer resistance at the interface. In addition, the band alignments
between NATP and GCN are more favorable for the effective charge transfer in the NATP/GCN the system
compared to NTP/GCN, greatly delocalizing electrons in the conduction band and facilitating electron transfer
within the composites as well as at the interfaces®.

Based on these observations from various characterizations and experiments conducted, a plausible pho-
tocatalytic mechanism of the developed NTP/GCN and NATP/GCN composites towards degradation of dye
molecules can be proposed as follows. As illustrated in Fig. 10a, b, upon exciting the systems, both components
of the composite absorb photons, generating electron-hole pairs. Upon excitation, the photogenerated electrons
in the CB of NTP or NATP MOFs recombine with the holes in the VB of GCN. Meanwhile, the electrons in the
CB of GCN and the holes in the VB of NTP or NATP remain separated. These spatially separated charge carri-
ers then participate in the subsequent redox reactions. This enables the formation of a Z-scheme driven charge
transfer mechanism in both the composites based on their band edge potentials illustrated in Fig. 9b. It is known
that the Z-scheme facilitates the effective charge carrier separation in the systems, inhibiting the carrier recom-
bination and improving the carrier lifetime in the photocatalysts. Accordingly, both the composites exhibited
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Fig. 10. Z-scheme driven photocatalytic degradation mechanism of (a) NTP/GCN and (b) NATP/GCN
composite systems.

excellent photocatalytic properties due to their suitable band edge positions, meeting the required redox-potential
facilitating the degradation of the dye molecules. It can be seen that the reduction reactions occur in the CB of
the GCN, contributing to a consistent reductive degradation of the dye molecules in both systems. On the other
hand, the oxidation reaction is largely driven by the VB of the respective MOFs, where the suitable oxidative
potential of NATP MOF favors the effective dye-degradation compared to NTP MOFs®.

However, as a composite system, the redox reactions collectively happen over both GCN and MOFs systems,
and contributing to the overall photocatalytic degradation of dye molecules. It should be noted that the VB and
CB of NATP MOFs align more favorably with GCN compared to NTP MOE. This ensures that the charge carrier
transfer in NATP/GCN composite relatively rapid compared to the other system. From the band structure shown
in Fig. 9b, it is clear that the NATP/GCN composite can effectively generate both the superoxide and hydroxyl
radicals during the reaction. Conversely, even though the band structure of NTP/GCN composite is suitable for
redox reactions, its VB potential is not suitable for the robust generation of hydroxyl radicals®. These observa-
tions provide further insights that the superoxide radicals, being weaker oxidants compared to hydroxyl radicals,
are more selective in their reactions and may target specific functional groups or sites within the dye molecules,
leading to more controlled and effective degradation. In addition, since the RhB and CR dyes contain electron-
rich aromatic systems and side groups, they may react more readily with superoxide radicals, leading to efficient
degradation. Similarly, superoxide radicals have a longer lifetime compared to hydroxyl radicals in aqueous solu-
tions. This longer lifetime allows superoxide radicals to diffuse further from the photocatalyst surface, increasing
the probability of encountering and reacting with dye molecules, thus enhancing the degradation process™.

Effect of catalyst concentration

As the NATP/GCN composite exhibited enhanced photocatalytic activities, this system was further chosen for
parametric studies. Accordingly, the catalyst concentration was varied to 10, 20, and 30 mg, while keeping the
dye concentration at 10 ppm, dye-solution volume at 100 mL, and pH at~ 7. The obtained results of catalyst
concentration-dependent degradation of RhB and CR dyes are displayed in Fig. 11a, b, respectively. From the
obtained C/C, ratio plots, it can be observed that in both cases, the degradation is found to be highest when the
catalyst concentration was 20 mg (RhB ~93%, CR ~ 64% in 120 min). However, the degradation decreases when
the catalyst concentration was increased to 30 mg (RhB ~71%, CR ~48% in 120 min). At higher concentrations
(i-e., 30 mg), the excess amount of catalyst may agglomerate and inhibit the active sites in the system, leading to
the suppression of radical generation during the photocatalytic reactions. This eventually leads to the decrement
in the photocatalytic efficiency of the system™.

Effect of dye concentration

Similar to varying the catalyst concentration, the concentrations of dyes (RhB and CR) were also varied to be
10, 20, and 30 pm, while keeping the catalyst concentration, solution volume, and pH at 20 mg, 100 mL, and 7,
respectively. It can be observed from the obtained C/C; ratio plots shown in Fig. 12a, b that as the dye concen-
tration was increased from 10 to 20 and 30 ppm, the degradation is found to be decreased from 93% to 84 and
78% for RhB and from 64% to 51 and 57% for CR. The observed decreased efficiency of the photocatalyst with
increasing concentration of dye molecules can be attributed to the presence of insufficient radicals generated by
the photocatalyst. Also, at higher concentrations, the dye-particle interaction and the distribution of dye mol-
ecules may be lesser compared to optimal conditions. Furthermore, the higher amount of dye molecules can also
relatively hinder the interactions of light with photocatalyst through scattering of light scattering and reflectance
effects, leading to the decreased efficiency in the degradation high-concentration dyes in the reaction solution®.
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Fig. 11. Catalyst concentration dependent degradation of (a) rhodamine B and (b) Congo red dyes by NATP/
GCN composite photocatalyst.
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Fig. 12. Dye concentration dependent degradation of (a) rhodamine B and (b) Congo red dye by NATP/GCN
composite photocatalyst.

Effect of pH

The pH of the solution can significantly alter the surface charge of the photocatalyst and dye molecules, leading
to significantly influence the efficiency. The adsorption of dye molecules onto the catalyst surface, which is a
crucial step in the photocatalytic degradation process, which is highly depends on the electrostatic interactions
between the catalyst and the dye. Also, environmental and industrial applications of photocatalytic dye degra-
dation may involve varying pH conditions. By understanding the pH dependence of degradation, the optimal
conditions for favorable adsorption under specific environmental conditions can be determined, leading to
improved degradation efficiency. Accordingly, pH of the dye solutions (RhB and CR) was varied tobe~2,5,7,9,
and 12 by keeping dye concentration to be 10 ppm of 100 mL solution and photocatalyst concentration (NATP/
GCN) of 20 mg. The obtained results showed (Fig. 13a, b) that in lower (2, 5), neutral (7), and higher (9, 12) pH
values, the degradation of RhB dye is around 64, 79, 93, 78, and 97%, respectively and it is around 48, 58, 64, 56,
and 70% for CR dye respectively.

The observed decreased dye degradation at low pH values (i.e., pH 2 and 5) can be attributed to the pro-
tonation of both dye molecules and photocatalysts. Accordingly, in acidic medium, this protonation alters the
electrostatic interactions and suppresses the active sites of the both MOFs and g-C;N,, leading to hinder the pho-
tocatalytic efficiency. Furthermore, it is also possible that the generation of reactive oxygen species like hydroxyl
radicals can be suppressed under highly acidic conditions, leading to decreased overall photocatalytic activity®.

Similarly, the observed decreased efficiency at basic pH values (i.e., pH 9) can be attributed to the alkaline
nature of the reaction system leading to electrostatic imbalance between the catalyst and dye molecules, leading
to decrease their interaction and thereby decrease the overall degradation of the dyes. In contrast, at higher pH
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Fig. 13. pH-dependent photocatalytic degradation of (a) rhodamine B and (b) Congo red dye by NATP/GCN
composite photocatalyst.

value (i.e., pH 12), an increment in dye degradation efficiency was observed could be attributed to the alkaline
hydrolysis, rather than photocatalysis, which affects the stability and structural integrity of both MOF and g-C;N,
in the composite. The high concentration of hydroxide ions (OH") in alkaline solutions leads to modify the dye
molecules, resulting in decolorization instead of degradation of the dye molecules®’.

Recyclability test
The recyclability of the NATP/GCN composite photocatalyst was investigated for the degradation of RhB and
CR dyes, and the obtained C/C, plots are presented in Fig. 14a, b, respectively.

The recycling studies were carried out with 10 ppm of RhB and CR dyes, and 20 mg of the NATP/GCN
composite was stirred in the dark for 30 min to attain adsorption-desorption equilibrium, then exposed to
sunlight and gently stirred to maintain dispersion during the reaction. Notably, adsorption during recycling was
also observed, and it declined with each cycle. However, this adsorption data has not been provided in the plots
to emphasize only the cyclic photocatalytic degradation efficiency of the developed photocatalyst, as shown in
Fig. 14a, b. The results show that the cyclic degradation efficiency of the NATP/GCN composite is consistent for
up to 5 cycles with ~ 88% degradation efficiency for RhB. However, for CR, the degradation remains stable for
up to 4 cycles with a around 70% degradation efficiency and in 5th cycle, the efficiency was decreased to around
56%. Overall, the obtained results suggest that the NATP/GCN composite could be effective for the degradation
of both cationic (RhB) and anionic dyes (CR), which can be attributed to the synergistic properties of both GCN
and NATP MOF, making it an optimal photocatalytic system for dye-degradation applications.

Further, the structural, morphological, and optical stability of the recycled NATP/GCN composite system
employed to degrade RhB dye was analyzed by obtaining its XRD pattern, FESEM, and UV-visible absorption
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Fig. 14. Recycle efficiency of NATP/GCN composite towards degradation of (a) rhodamine B and (b) Congo
red dyes.
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spectra, and Tauc’s plots after the cyclic dye degradation studies (5th cycle). The obtained results are displayed
in Fig. 15a-d, respectively, and the photographs of the fresh and recycled NATP/GCN composite system are
given in the inset of Fig. 15a. From the observed consistent features in the XRD pattern, FESEM image, absorp-
tion spectra, and band gap energy of the recycled photocatalyst with that of the fresh photocatalyst, it can be
corroborated that the crystal structure, surface morphology, and optical property of the composites are hardly
altered, suggesting the enhanced structural and physiochemical stability of the developed NATP/GCN compos-
ite system. The cyclic ability of the photocatalyst enhances cost-effectiveness by reducing the need for frequent
replacements, which lowers operational expenses and makes the process more economically viable. Further, it
supports sustainability by minimizing waste and extending the lifecycle of materials, aligning with green chem-
istry principles and reducing environmental impact. Consistent photocatalytic activity across multiple cycles
ensures reliable performance, which is crucial for industrial and large-scale applications that require dependable
results for effective pollutant degradation.

Conclusion

In this study, nickel-based metal-organic frameworks (Ni-MOFs) constructed with the 2-amino terephthalic acid
ligand (NATP) exhibited superior physicochemical properties compared to those developed with the terephthalic
acid ligand (NTP). The incorporation of these Ni-MOFs into composites with g-C;N, (GCN) further enhanced
their properties due to the synergistic interactions between the components. The structural and morphologi-
cal analyses of the formed materials, conducted using XRD and FESEM techniques, suggested that the NATP/
GCN composite exhibited a stable composite system formation, which is considered a pathway mechanism.
Consequently, the NATP/GCN composite exhibited remarkable photocatalytic performance, degrading ~93% of
rhodamine B (RhB) within 120 min under solar light irradiation. However, it showed relatively lower efliciency
for the anionic Congo red (CR) dye, degrading about 64% in 120 min. Nevertheless, NATP/GCN consistently
outperformed the NTP/GCN composite. This superior performance can be attributed to the ligand-induced posi-
tioning of the valence and conduction band edges at suitable potentials, enabling the generation of highly active
O, radical species followed by OH- radicals. These radicals facilitated effective redox-mediated degradation of
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Fig. 15. (a) XRD pattern, (b) FESEM image, (c) UV-Visible absorption spectra, and (d) Tauc’s plot for bandgap
estimation of the fresh and 5th recycled NATP/GCN photocatalyst (Insert of (a): photographic image of the
fresh and recycled photocatalyst).
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both cationic (rhodamine B) and anionic (Congo red) dyes under solar light irradiation. The enhanced activity
of NATP/GCN is likely due to the improved charge separation, increased light absorption, and more favorable
band alignment for redox reactions driven by the Z-scheme mechanism. The physicochemical investigations and
parametric studies conducted suggest that the NATP/GCN composite can be explored for its ligand-dependent
features and synergetic effects, through which its properties can be suitably modified for desired applications. In
addition, the stability and reusability of the NATP/GCN composite under prolonged use has also been assessed
to determine its viability for large-scale applications.
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